We reevaluate the Eocene geomagnetic polarity time scale on the basis of single-crystal 40 Ar/ 39 Ar ages for air-fall tuffs from the Wilkins Peak Member of the Green River Formation of Wyoming. Tuff 6 is dated as 49.1 ؎ 0.2 Ma, and tuff 3 is dated as 50.4 ؎ 0.3 Ma (maximum estimate). When combined with published magnetostratigraphic constraints, these age determinations suggest that the currently accepted age of chron C22r is 1.5-2.5 m.y. too old, which supports a significantly longer duration for the early Eocene, for the early Eocene climatic optimum, and the Wasatchian North American Land Mammal Age.
INTRODUCTION
Three radiometric tie points at 33.7, 46.8, and 55.0 Ma calibrate the Eocene part of the geomagnetic polarity time scale (GPTS). The lengths of the chrons are determined by the relative widths of ocean-floor magnetic anomalies, with their boundaries set by a spline connecting these plus six other time points for the Late Cretaceous and the rest of the Cenozoic Kent, 1992, 1995; Berggren et al., 1995; Fig. 1A) .
The two older tie points for the Eocene are known to be inaccurate, the middle Eocene tie point having the greatest uncertainty. For this tie point, Bryan and Duncan (1983) provided K-Ar ages of 46.8 Ϯ 0.5 Ma and 45.8 Ϯ 0.5 Ma for the same tuff. Berggren et al. (1995) cited unpublished 40 Ar/ 39 Ar dating by C.C. Swisher III and A. Montanari that supports the younger age, implying a large discrepancy for the early to middle Eocene time scale (Figs. 1A and 1B) . The 55.0 Ma 40 Ar/ 39 Ar tie point may be too young because it is separated from the younger dated tuff upon which the age estimate is based by an unconformity (Aubry et al., 1996) .
Here we present new single-crystal 40 Ar/ 39 Ar ages for two air-fall tuffs in the Green River Formation of Wyoming and show that physical and magnetostratigraphic data from this lacustrine unit can be used to reevaluate the Eocene part of the GPTS. This is a first evaluation of this time-scale discrepancy, and although we cannot recalibrate the GPTS, we suggest a range of possible modifications (Figs. 1B-1D) for the existing time scale (Fig.  1A) .
STRATIGRAPHIC CONTEXT
The lower Eocene Green River Formation is well developed in the greater Green River basin (Fig. 2; Bradley, 1964; Roehler, 1992) . Numerous laterally persistent layers of air-fall tuff and sedimentary cyclicity permit a highresolution physical stratigraphy (e.g., Culbertson, 1961; Bradley, 1964; Roehler, 1992) . The single-crystal 40 Ar/ 39 Ar ages reported here are from tuffs 3 and 6 of Culbertson (1961; Fig. 2) from the center of the basin. Tuff 6 is located just below a basin-wide facies transition marking the beginning of maximal expansion of Lake Gosiute (Bradley, 1964; Roehler, 1992) that can be traced into the magnetic polarity sections of Clyde et al. (1997 Clyde et al. ( , 2001 P1 and P2 in Figs. 2 and 3 ; stratigraphic details are available 1 ). Potential diachrony between the basin center and margin cannot be quantified with available data. However, regional stratigraphic relations (see footnote 1) indicate that tuff 6 provides a maximum estimate for the age of the transition.
RADIOMETRIC DATING
The 40 Ar/ 39 Ar dating of the two tuffs yielded the following ages: 50.4 Ϯ 0.3 Ma for tuff 3 and 49.1 Ϯ 0.2 Ma for tuff 6 (1 analytical precision; Table 1 ; analytical methods and details are available [see footnote 1]). Although these ages are close to dates reported by Smith et al. (2003) for the same tuffs, 49.96 Ϯ 0.04 (1) Ma and 49.70 Ϯ 0.05 (1) Ma, respectively, our new single-crystal ages highlight 1 GSA Data Repository item 2004018, analytical methods and details of stratigraphy, Figure DR1 (cumulative age-probability curves), problems with the accuracy and precision inherent in these dates and multicrystal dates in general. These problems are relevant to timescale reevaluation (Fig. 1) because the age of tuff 6 is used here as a calibration point.
Ages reported here and by Smith et al. (2003) for tuff 6 are directly comparable because both are from biotites and are referenced to monitor standards calibrated against the same primary standard. The estimated age of sample 245B of tuff 6 (Table 1) is based mostly on single-crystal ages (27 of the 31 individual determinations); the remaining 4 determinations used two-crystal aliquots (see footnote 1). Smith et al. (2003) used aliquots of three crystals per age determination. Multicrystal ages exhibit a lower apparent spread compared to individual crystals, leading to an underestimated error. In addition, the presence of two or more age populations in a sample results in an offset of the weighted mean age in multicrystal data. Both effects lead to geologic uncertainty significantly greater than stated analytical uncertainty.
Individual ages of sample 245B exhibit large scatter (245B-a in Table 1 ; Fig. 4A ) with an age distribution showing more than one age population. The age of the youngest population is preferred, assuming minimal alteration, because the biotite crystals were euhedral, radiogenic, and there is no evidence of reworked detrital grains. Each age population is selected to include the maximum number of individual ages and to minimize the mean squared weighted deviates (MSWD; see Table 1 and footnote 1) of the calculated age. By these criteria, the inferred main population (245B-b in Table 1 ; Fig. 4A ) actually contains two components (245B-c and 245B-d in Table 1 ). The preferred age for tuff 6 is thus the younger (49.1 Ma; 245B-c in Table 1 ), although additional analyses are needed to resolve it better.
Multicrystal dating of tuff 6 by Smith et al. (2003) artificially suggests only one population, with few outliers, and much less scatter, with a 0.3 m.y. (n ϭ 26) standard deviation compared to our 0.9 m.y. (n ϭ 31; 245B-a in Table 1 ; Fig. 4B ). Therefore, their standard error of 0.05 m.y. (1) significantly underestimates uncertainty and mainly reflects the standard error of the neutron-flux gradient. In addition, multicrystal aliquots are liable to in- clude crystals older than the tuff layer, thereby offsetting the mean age toward an older value, perhaps explaining the 49.7 Ma age of Smith et al. (2003) , compared with our 49.1 Ma estimate (cf. B and A in Fig. 4) .
Ages of individual crystals from tuff 3 are also associated with large scatter (15B-a in Table 1) and further illustrate the drawbacks of multicrystal dating. Biotite crystals from sample 15B appear to cluster in two populations (15B-b and 15B-c in Smith et al. (2003) , the latter is regarded as the better estimate. Nevertheless, our individual age determinations provide a first estimate of the full potential age scatter of Green River Formation tuffs that contrasts with the apparent low age scatter of multicrystal biotite ages. Similarly, the multicrystal sanidine ages of Smith et al. (2003) are based on even larger aliquots per individual age, therefore artificially eliminating any age scatter.
The large age scatter is not specific to biotite, as demonstrated by sanidine ages from ash 8 of Mono Lake, California, by Kent et al. (2002) . Individual crystals yield an isochron age of 762.9 Ϯ 0.5 ka (n ϭ 13), while independent bracketing data suggest 30.4 ka. One explanation for the scatter in both the Green River data and for the anomalously old age of the Mono Lake ash is the incorporation of xenocrysts during eruption. That said, the true age of Green River tuff 6 cannot be much younger than that reported here, because the multicrystal ages of seven tuffs from the Green River Formation are all in stratigraphic order (Fig. 2B ), including tuffs above and below tuff 6 . Therefore, the incorporation of xenocrysts into those multicrystal ages should not have produced an offset of more than a few hundred thousand years.
Summarizing the pertinent data, the best age estimate for tuff 6 is 49.1 Ϯ 0.2 Ma, which is equivalent to 48.8 Ϯ 0.2 Ma if the 27.84 Ma Fish Canyon sanidine reference age of the GPTS is used (Berggren et al., 1995) . We use 48.8 Ϯ 0.2 Ma as a maximum age for the correlative stratigraphic interval within the magnetic polarity sections of Clyde et al. (1997 Clyde et al. ( , 2001 ; Fig. 3 ) and as a tie point for reevaluation of the GPTS (Figs. 1C and 1D ).
CORRELATION WITH THE GPTS
Land-mammal biostratigraphy constrains the correlation between local magnetostratigraphy and the GPTS (Clyde et al., 2001) : the lowermost and uppermost normal-polarity zones of Clyde et al. (1997 Clyde et al. ( , 2001 ; L, U in Fig.  3A ) are no older than chron C24n and no younger than chron C21n. However, this scheme does not integrate additional published radiometric ages or explain the apparent discrepancy between the correlation of Smith et al. (2003) with the GPTS and the local magnetic polarity pattern (e.g., cf. time scale in Fig. 3A and ages in Fig. 3B ). We suggest that all the data can be reconciled by a revision of the early Eocene time scale. We use alternative ages for the tie points, including the age of tuff 6 (Figs. 1C and 1D) , to constrain the possible change to the Eocene time scale.
The lowermost polarity zone of Clyde et al. (1997 Clyde et al. ( , 2001 ; L in section P1, Fig. 3A ) contains a fauna of late Wasatchian North American Land Mammal Age (NALMA) (Zonneveld et al., 2000) . The age of the early Wasatchian is well constrained in the Bighorn basin, Wyoming, by a fauna younger than the Paleocene-Eocene boundary (Wing, 1984) and found in a reverse-polarity interval (Clyde et al., 1994; Tauxe et al., 1994) correlated with chron C24r (Berggren et al., 1995) . The inter- Note: Single-step laser-fusion data were collected in the Ar geochronology laboratory at Lamont-Doherty Earth Observatory (for details, see footnote 1 in text). Ages and errors are computed as in Renne et al. (1998) val of normal polarity at the base of section P1 is thus inferred to be equivalent to or younger than chron C24n (Fig. 3A) .
The uppermost polarity zone of Clyde et al. (1997 Clyde et al. ( , 2001 ) contains mammal fossils of early Bridgerian NALMA (U in section P2, Fig.  3A) . Younger, late Bridgerian faunas of southern California predate planktonic foraminiferal zone P10 and nannofossil zones CP12b-CP13b (Flynn, 1986; Walsh et al., 1996) , which are together correlated with chrons C21r, C21n, and C20r (Berggren et al., 1995) . The interval of normal polarity at the top of section P2 is therefore inferred to be equivalent to or older than chron C21n (Fig. 3A) . Clyde et al. (2001) correlated a sequence of normal-reverse-normal polarity immediately below the Laney Member in both sections (M1 and M2 in Fig. 3A ) with a similar sequence within chron C23n. The age of the facies change at the base of the Laney Member is bracketed by the beginning and end of chron C22r (50.8-49.7 Ma; Berggren et al., 1995; Fig. 3A) . Because this facies change is near the base of the interval of reverse polarity and likely closer to the older date, the age reported here for tuff 6 (245B-c in Table 1 ) suggests that the same horizon is younger than 48.8 Ma (Fig. 3B) , a discrepancy of as much as 2 m.y. with respect to the GPTS.
To resolve the age conflict, Smith et al. (2003) correlated the interval of mostly normal polarity beneath tuff 6 (M1 and M2 in Fig. 3A ) with chron C22n, despite the discrepant magnetic polarity patterns. The persistence of this pattern at the same stratigraphic level (upper Wasatch Formation; lower Bridgerian NALMA; M1 and M2 in Fig. 3A ) in sections 170 km apart (P1 and P2 in Fig. 2A ) favors correlation with an interval associated with the same pattern in the GPTS (Clyde et al., 2001) .
Another age conflict exists at the stratigraphic level of the Tipton Member in the Clyde et al. (1997) section (P1 in Fig. 3A) . The lowermost age of Smith et al. (2003) dates this member as 50.92 Ϯ 0.15 (1) Ma (relative to a Fish Canyon sanidine age of 27.84 Ma). The Clyde et al. (2001) correlation to the GPTS dates the correlative interval as 52.3 Ma, 1.4 m.y. older. Smith et al. (2003) suggested that this interval contains an unrecorded normal-polarity magnetic zone and correlated the Tipton Member to chron C23n (ca. 51 Ma; Fig. 3A ), but the age conflict can be resolved without recourse to a phantom polarity zone, if the GPTS is modified (Figs. 1C  and 1D ).
Our data suggest that the base of chron C22r should be revised to be 2 m.y. younger at 48.8 Ma, with a probable range of 1.5-2.5 m.y. (considering the age scatter of individual crystal ages for tuff 6). An exact calibration of the GPTS is not possible, however, because our age is a maximum. Instead, three calibration schemes for the Eocene and Paleocene GPTS are considered as alternative approximations (Figs. 1B-1D ), on the basis of different ages for the problematic calibration points of 46.8 Ma and 55 Ma (Cande and Kent, 1995;  Fig. 1A) . We favor the time scale in Figure 1C .
These approximate calibration schemes for the GPTS (Figs. 1B-1D ) can be assessed by the implied spreading rate. Jumps in this record are very unlikely, and thus a minimum number of calibration points should be used (Cande and Kent, 1992) . Too few calibration points, however, underestimate the spreading rate change, and therefore we do not favor the calibration scheme with only one calibration point (Fig. 1D) .
Lack of better information regarding the Paleocene-Eocene (P-E) 55 Ma tie point leads us to use the 55.3 Ma estimate of Wing et al. (2000) . It is based on magnetostratigraphy in the Bighorn basin (Tauxe et al., 1994) , biostratigraphy (P-E boundary identified by Wing, 1984) , and a 40 Ar/ 39 Ar age of 52.8 Ϯ 0.16 Ma (Wing et al., 1991) correlated to the base of chron C24n.1n (Tauxe et al., 1994) . Although this radiometric age is from an age spectrum of a bulk sample, any potential inaccuracy is small, compared with the uncertainty associated with the middle Eocene tie point. We favor this calibration scheme (Fig.  1C) because it best incorporates all radiometric and magnetostratigraphic constraints from the Green River and the Bighorn basins. Note, however, that this calibration scheme is still not ideal because the reported age is close to the 55.3 Ma tie point, and it may imply a jump in spreading rate. Our fourth calibration scheme (Fig. 1B) uses both the Wing et al. (2000) estimate for the P-E tie point and an unpublished 45.6 Ma 40 Ar/ 39 Ar age (C.C. Swisher III and A. Montanari, in Berggren et al., 1995) for the same ash that yielded the 46.8 Ma K/Ar calibration age used by Cande and Kent (1995) . This scheme does not fully meet the constraints from the Green River basin and is probably a minimum estimate of the required time-scale revision.
Two important implications are apparent in all three calibrations (Figs. 1B-1D ). The first is lengthening of the early Eocene by 0.7-2.5 m.y., with the maximum change within the early-middle Eocene. The second is a near doubling (0.5-1.5 m.y. increase) of the early Eocene climatic optimum, a warm interval of time between 52 and 50 Ma (Zachos et al., 2001) . In addition, the Wasatchian-Bridgerian NALMA boundary, within chron C23r (Clyde et al., 1997 (Clyde et al., , 2001 Zonneveld et al., 2000) , is ϳ1 m.y. younger at 51 Ma (Figs. 1C and 1D) , affecting terrestrial records dated by this biostratigraphy.
Further implications are for interpreting cyclic records of the early and middle Eocene. The Green River Formation in particular is considered a classic example of orbitally forced record. Pietras et al. (2003) suggested that the observed cyclicity cannot be forced by precession. However, allowing for larger scatter and age bias as presented here, the observed cyclicity can very well be orbitally forced.
